Abstract The influence of nickel (Ni) and/or selenium (Se) on phospholipid composition was studied in shoots and roots of wheat seedlings. Phospholipid differences between samples were analysed using liquid chromatography/electrospray ionization-MS coupled. A total of 39 lipid species were identified. Individual phospholipids were then quantified using a multiple reaction monitoring method. In the roots, Ni toxicity was associated with an elevated level of phosphatidic acid species. In the shoots, the phosphatidylcholine/phosphatidylethanolamine ratio was about fivefold higher than in roots and decreased in Ni-treated samples. Additionally, the concentrations of phospholipid species containing C 18:3 fatty acid were reduced. Lipidome data were then analyzed using principal component analysis, which confirmed the compositional changes in phospholipids in response to Ni and Ni ? Se. In contrast, the phospholipid profiles of wheat seedlings exposed to Se alone showed more similarities with the control. Together, our results suggested that the presence of Se, despite a considerable improvement of growth of Ni-treated wheat, did not counterbalance negative effect of Ni on the phospholipid composition in wheat roots and shoots.
Introduction
Nickel (Ni) is a common co-contaminant in soils and sediments due to anthropogenic pollution (e.g. mining, refining, metal plating) and natural emissions (van Nostrand et al. 2008) . In recent years, Ni pollution has been reported from across the world, including Asia, Europe and North America (Chen et al. 2009 ).
Very low concentrations of Ni are essential for plants, however, there are reports presenting toxic effects of high concentrations of this heavy metal on plants (Chen et al. 2009 ). Although influence of Ni on plants has been studied by many researchers, the mechanisms of its toxicity are not yet fully understood. It is considered that phytotoxicity of Ni is associated with disturbances in different physiological and metabolic processes. In our previous papers we documented that exposure of wheat seedlings to Ni resulted in oxidative stress and changes in nitrogen and carbon metabolism Skłodowska 2007, 2009; Gajewska et al. 2013 ). Recently we reported Ni-induced increase in membrane permeability and alterations in the total fatty acid composition, leading to a decrease in their unsaturation, which was indicated by a reduction in the double bond index (Gajewska et al. 2012) . To expand our knowledge on Ni toxicity to the cell membrane, in the present work we examined the influence of the metal on wheat phospholipids. Selenium (Se) is not considered as an essential nutrient for plants, however at low doses has been shown to promote their growth. The beneficial effect of Se on plants is usually ascribed to its ability to enhance antioxidative capacity of cells (Xue et al. 2001) . Nevertheless, at excess concentrations this metalloid is toxic to plants, which is related to the competition between Se and sulphur and subsequent production of proteins with disturbed function and structure (Hasanuzzaman et al. 2010 ).
There is some evidence that Se may increase tolerance of plants to different abiotic stress factors including heavy metals (Filek et al. 2008; Hasanuzzaman et al. 2012) . Therefore, the aim of our work was to check the ability of Se to alleviate Ni stress in wheat seedlings with special attention to the effect of both elements on phospholipid composition.
Materials and methods

Chemicals
1,2-Dimyristoyl-sn-glycero-3-phospho-rac-(1-glycerol) (sodium salt) [14:0/14:0 phosphatidylglycerol (PG)], 1,2-dilauroylsn-glycero-3-phosphoethanolamine [12:0/12:0 phosphatidylethanolamine (PE)], 1,2-dimyristoyl-sn-glycero-3-phosphocholine [14:0/14:0 phosphatidylcholine (PC)], L-Rphosphatidylinositol (PI) sodium salt from bovine liver, 1,2-dimyristoyl-sn-glycero-3-phospho-L-serine sodium salt [14: 0/14:0 (PS)] and 1,2-dimyristoyl-sn-glycero-3-phosphate (sodium salt) [14:0/14:0 phosphatidic acid (PA)] were purchased from Avanti Polar Lipids. The other chemicals were of HPLC grade from POCh (Poland).
Plant material and growth conditions
Wheat (Triticum aestivum L., cv. Zyta) seedlings were grown hydroponically in the diluted (1:4) Hoagland nutrient solution (pH 5.8) containing 50 lM Ni (NiSO 4 ) and 15 lM Se (Na 2 SeO 3 ) supplied individually or simultaneously. The seedlings grown in the medium without an addition of Ni and Se were considered as the control. The seedlings were grown in a controlled climate room at 24°C and 175 lmol m -2 s -1 photosynthetic photon flux density (PPFD), with a 16-h photoperiod. After 7 days shoots and roots were harvested and growth parameters (total lengths), Ni and Se concentrations and the phospholipid profile were assayed.
Estimation of Ni and Se concentrations
For determination of Ni and Se concentrations samples of shoots and roots were wet digested in the mixture of 70 % HNO 3 and 30 % H 2 O 2 (5:1, v/v) using a microwave mineralizator. Nickel concentration was determined by atomic absorption spectrometry using a Varian SpectrAA 300 spectrometer (Varian Australia Pty. Ldt., Australia) at 232 nm. Selenium concentration was estimated by the method of Watkinson (1966) based on the measurement of fluorescence of cyclohexane-extracted selenite-2,3-diaminonaphthalene complex at 370/520 nm (excitation/emission) using a Hitachi fluorescence F-2500 spectrometer (Hitachi Ldt., Japan). Prior to Se analysis, Se 6? present in the samples was reduced to Se 4? by boiling of the mineralizates with an addition of 6 M HCl for 1.5 h.
Lipid extraction protocol
Lipids were extracted from three independent biological replicates of Triticum aestivum shoots and roots according to the method of Hummel et al. (2011) with modifications. Wheat shoots and roots (*0.5 g) were crushed in a FastPrep-24 Instrument (MP Biomedicals) homogeniser with 4 ml of the homogenous methanol:methyl-tert-butyl-ether (1:3) mixture, with 0.01 % butylated hydroxytoluene (BHT) and 100 lg ml -1 PE 24:0 as internal standard. The crushed organs were stored overnight at room temperature (RT), incubated in an ultrasonication bath at RT (10 min) and centrifuged at 1,000g for 10 min at 4°C. After adding 2 ml of the water:methanol (3:1) mixture, the homogenate was vortexed and centrifuged at 1,000g for 10 min at 4°C. The organic phase was transferred and evaporated. The residue was then redissolved in 1 ml of methanol/CHCl 3 (4:1, v/v) and stored at -20°C pending analysis.
HPLC-MS separation of phospholipid classes and characterisation of phospholipid molecular species An HP1200 series HPLC system (Agilent Technologies) was used. The LC separation was performed on a Zorbax Eclipise XDB-C18 column (50 mm 9 4.6 mm, 1.8 lm particle size; Agilent) at 35°C. The total flow rate of the mobile phases (solvent mixtures A and B) was 0.6 ml min -1 . The gradient started at 80 % B and 20 % A, at 2 min it linearly increased to 100 % B, held for 14 min, then in 2 min linearly decreased to 20 % B. The mobile phase consisted of 5 mM ammonium formate in water (A) and 5 mM ammonium formate in methanol (B). Prior to the use of the column, a blank gradient was run. The mass spectrometric detection was conducted on a 3200 QTRAP LC/MS/MS system from AbSciex (USA) equipped with a turbo ion spray source. MS analysis of phospholipids was performed using ESI in a negative ion mode. Nitrogen was used as curtain gas, nebulising gas, and turbo gas. The instrumental settings were as follows: spray voltage -4,500 V; curtain gas (CUR) 25; nebulizer gas (GS1) 50; turbo gas (GS2) 60; and ion source temperature 500°C. Data analysis was performed with Analyst TM v1.5.1 software (ABSciex). To perform the phospholipid species survey, an information-dependent acquisition (IDA) method, PI (precursor ion scanning) ? EPI (enhanced product ion), was used. The spectra were obtained over a range from m/z 100 to 950. The EPI scan rate was 1,000 amu s -1
. A scan of the precursor for m/z 153 was used to detect the subspecies of PA, PE, PI, PS, and scan of the precursor for m/z 168 was performed to find PC.
Based on the precursor ion analysis of head groups and fatty acyls, a comprehensive list of MRM (multiple reaction monitoring) transitions was then generated to follow fatty acyl compositions of these lipids (parent R fatty acyl fragment transitions).
The relative quantifications of PLs were performed using 14:0/14:0 PE (10 lg ml -1 ) as an internal standard before the chromatographic determination step.
Data analysis
The percentage of lipids was expressed as the mean ± SD. Significant differences between the means were assessed using the Student's t test. Differences at P \ 0.05 were considered significant. Principal component analysis (PCA) was used to compare multivariate data from roots and shoots phospholipid profiles in Ni and/or Se presence (Markerview v1.2.1 software, ABSciex). To minimize the influence of different levels on different lipid groups, each value for a certain species of PLs was divided by the total amount of the specific group of PLs.
Results and discussion
Growth and element concentration
Exposure of wheat seedlings to Ni reduced the total shoot and root lengths by 23 and 50 % compared to the control, respectively (Table 1) . Treatment of wheat seedlings with Se alone did not significantly influence the shoot growth, however it led to a 12 % reduction in the total root length. Compared to the seedlings subjected only to Ni, in those treated simultaneously with Ni and Se an improvement of the total shoot length by approximately 26 % was observed. Application of Se to the Ni-containing medium resulted also in an increase in the total root length by 68 %, compared to the seedlings treated only with Ni. In line with our results, Se-induced growth improvement has previously been reported for plants subjected to Ni (Hawrylak et al. 2007 ) and Cd (Filek et al. 2008 ) stress. ndicate values that differ significantly from that for Ni treatment at P \ 0.001 Table 2 The phospholipids molecular species determined in the wheat seedlings Molecular species m/z Molecular species m/z Exposure to Ni led to considerable accumulation of this metal in wheat tissues, mostly in the roots which contained about 94 % of the total amount of the metal taken up by the seedlings (Table 1) . Nickel stress did not influence Se uptake by the seedlings, however addition of Se to Nicontaining medium significantly reduced accumulation of Ni both in shoots and roots, by 32 and 46 %, respectively, compared to the seedlings exposed only to Ni. Similarly to our results, a reduction in heavy metal uptake due to Se supplementation was reported by other authors (Shanker et al. 1996; He et al. 2004; Filek et al. 2008) . Shanker et al. (1996) suggested that limitation of heavy metal uptake by Se might be related to the reduction of the metal availability for plants due to the formation of non toxic Se-metal complexes.
Characterisation of phospholipid molecular species
Tandem MS/MS analysis of phospholipid species in a negative ion mode reveals structural information on fatty acid chains at sn-1 and sn-2 position of the phospholipid. Therefore, MS/MS experiments were performed to confirm the identities of two fatty acid chains of each species in all detected phospholipid classes. Table 2 shows molecular species in each phospholipid class identified in the roots and shoots of wheat seedlings. Using the LC/ESI-MS/MS procedure, 39 species of PLs were identified, and the number of identified species for PA, PC, PE, PG, PI, PS were 9, 7, 8, 3, 3 and 9, respectively. Further quantitative analysis (Table 3 ) of the major PLs for both organs revealed that the total amount of phospholipids was the lowest in the shoots of wheat seedlings treated with Ni both used individually and in combination with Se. Also, significant decreases in the content of phospholipid classes were reported in cadmium stressed tomato (Ouariti et al. 1997; Ben Ammar et al. 2007) . Figure 1 shows the composition of PLs for wheat seedlings in Ni and/or Se presence. In the roots and shoots, PC was the predominant PL. Other determined PLs classes were PE, PI, PA, PG and PS. The same PLs classes were described by Pereyra et al. (2006) in Triticum aestivum roots. Overall, the amounts of different groups of PLs showed differences between roots and shoots. In the roots, the dominant species were PC and PE in control samples accounting for 32 and 30 %, respectively, whereas in the shoots the PC class was about 62 %. Statistically significant differences, were most often, observed in the PA class. PA constituted around 18 and 3 % of total cell phospholipids in control samples of roots and shoots, respectively. When comparing control samples with those exposed to the (Testerink and Munnik 2005; Darwish et al. 2009 ). In the wheat shoots, significant increases in PA species were accompanied by a lower level of PC. These results suggest possible conversion of PC species to PA via a phospholipase D (PLD) pathway (Testerink and Munnik 2005) . Phosphatidylcholine and phosphatidylethanolamine are the two major membrane components of both prokaryotic and eukaryotic cells (Sutoh et al. 2010 ). PC forms a bilayer structure, whereas PE molecules are nonbilayer PLs (Mansour et al. 2002) . In addition, a high level of choline Fig. 3 Relative abundances for major species of phospholipids in roots of wheat seedlings. Control (black bar), Nickel (light grey bar), Selenium (white bar) and Ni ? Se (dark grey bar). PA phosphatidic acid, PC phosphatidylcholine, PE phosphatidylethanolamine, PI phosphatidylinositol, PG phosphatidylglycerol, PS phosphatidylserine; *, **, *** indicate values that differ significantly from the control at P \ 0.05, P \ 0.01 and P \ 0.001, respectively Plant Growth Regul (2014) 72:163-170 167 in the polar head group has a fluidizing effect on the membrane, whereas ethanolamine makes the membrane more rigid (Quartacci et al. 2001) . Thus, the relative compositional change of phospholipid species in living organisms resulted in the modifications of the PC/PE ratio (Quartacci et al. 2001 ). In our study, the ratio in control shoots was about fivefold higher than in roots (Fig. 2) .
Treatment of wheat seedlings with Ni used individually or in combination with Se induced a statistically significant increase in the PE level in the shoots (Fig. 1) , which resulted in a marked decline in the PC/PE ratio. It seems that Ni presence causes lipid homeostasis disorders, possibly leading to a decrease in the membrane fluidity. A similar phenomenon was observed in wheat roots grown in Fig. 4 Relative abundances for major species of phospholipids in shoots of wheat seedlings. Control (black bar), Nickel (light grey bar), Selenium (white bar) and Ni ? Se (dark grey bar). PA phosphatidic acid, PC phosphatidylcholine, PE phosphatidylethanolamine, PI phosphatidylinositol, PG phosphatidylglycerol, PS phosphatidylserine; *, **, *** indicate values that differ significantly from the control at P \ 0.05, P \ 0.01 and P \ 0.001, respectively copper excess, which may have led to enriched nonlamellar-forming domains and phase separation of nonlamellar-forming lipids (Quartacci et al. 2001) . PI contents in the control wheat seedlings reached 16 and 10 % in roots and shoots, respectively (Fig. 1) . However, a lower content of PI was noted in the roots of wheat Triticum durum (Quartacci et al. 2001) . Among the obtained samples, statistically significant increase in PI content was observed in the roots exposed to Se.
Phosphatidylglycerol is the major phospholipid in the thylakoid membranes of plant chloroplasts (Welti et al. 2003) . PG is considered to be essential for growth and development of the chloroplast (Su et al. 2009 ). In our study, shoots contained higher amount of PG comparing to roots. However, the content of PG did not show significant alterations in wheat seedlings in the elements presence.
Phosphatidylserine was a minor lipid species, comprising less than 6 % in the shoots and trace amounts of total PLs in the roots (Fig. 1) . Small amounts of PS were also described for other plants (Vance and Steenbergen 2005) . Although PS is a minor phospholipid component of plant membranes, it is likely to have other functions in addition to contributing to the structure of lipid bilayers (Delhaize et al. 1999) . The best-known role of PS as an enzyme cofactor is as a specific activator of the conventional isoforms of protein kinase C. An important function of PS is also serving as a precursor of PE (Vance and Steenbergen 2005) . In the examined wheat seedlings, statistically significant increase was observed only in Se treated shoots.
Analysis of the distribution of the hydrocarbon chains showed that palmitic acid (C16:0) and stearic acid (C18:0) were the most predominant saturated fatty acids in both wheat organs, whereas oleic acid (C18:1), linoleic acid (C18:2) and linolenic acid (C18:3) were the major unsaturated species (Figs. 3, 4) . This was in accordance with our previous work (Gajewska et al. 2012) .
Among the root phospholipids, Ni-treated seedlings exhibited a significant decrease in the content of phospholipid molecular species, especially, those containing C18:3 fatty acid: PA 16:0/18:3, PA 18:2/18:3, PA 18:3/18:3 and a statistically significant increase in PC 18:1/18:2, PE 16:0/ 18:2, PS 16:0/18:2 and PS 18:1/18:2 (Fig. 3) . Similar results were obtained for Ni ? Se-treated seedlings. On the other hand, Se influenced only PC 16:0/18:2 and PE 16:0/18:2.
In the shoot phospholipids statistically significant changes were found less frequently than in the roots. A decline was observed for PE 16:0/18:2 and PS 18:1/18:3 in Ni and/or Se-treated samples. Also, the amount of PC 18:1/ 18:2 and PG 16:0/18:3 decreased in Ni presence (Fig. 4) . Among the shoot phospholipids the amount of PS 16:0/ 18:1 increased in seedlings exposed to the examined elements, while the level of PE 18:1/18:2, PG 16:0/18:2 and PA 16:0/18:2, PE 18:2/20:1 elevated in Ni and Se presence, respectively. Results for Ni-treated shoots are consistent with the observations concerning the influence of Cd, Pb and Zn on lipid metabolism in plants (Verdoni et al. 2001; Nouairi et al. 2006) . Also, in our previous work we documented that in Ni presence the amount of C18:3 fatty acid extracted from wheat seedlings decreased significantly (Gajewska et al. 2012) .
To investigate the metabolic differences in phospholipid species between wheat seedlings exposed to the elements, PCA analysis was used, based on the relative percentages of PLs (Fig. 5 ). There were 39 variables (species of lipids) to describe abundances of each lipid in each organ extract. Projection of the resulting sample scores for the first and second principal components, which together accounted for 87.1 % of the total sample variance, showed the similarities and differences between the samples. The greatest differences were between roots and shoots, which were separated primarily along the PC1 axis; PC1 explained 76.9 % of the variance of the dataset. Along the PC2 axis, which explained 10.2 % of the variance, were primarily separated control and Ni-treated samples. Results of PCA suggest that were considerable differences between Ni and control samples, and between roots and shoots. Moreover, the obtained results indicated that the changes of lipidome in samples treated with Ni and Ni ? Se were similar. On the other hand, the differences in lipids profile caused by Se used individually were greater in shoots than in roots.
Conclusion
Our work is the first investigation of the PL fraction of shoots and roots of wheat seedlings treated with Ni and/or Se. Although Se addition to the growth medium resulted in lower uptake of Ni and improved growth of wheat seedlings, PCA analysis demonstrated that Se did not counteract the effects caused by Ni on wheat phospholipids. It can be concluded that the changes in the phospholipids profile may be considered as an indicator of Ni stress.
